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AHHOTaLTHH 

IlpoBefleHO HHCjreHHoe MOflejinpoBaHne sbojhohhh MacciiBa HfleHTHHHbix B3aHMO,a;eficTByioin,Hx Me>Kfly co6oii ctph- 
MepoB b nojiynpoBOflHHKax. Hcnojib30Bajiocb flH<p<py3HOHHO-flpeii(pOBoe npn6jin>KeHiie c yieTOM yziapHOFi h TyHHejib- 
hoh HOHH3arj,HH. Ilpeflnojiarajiocb, hto BHeniHee sjieKTpHnecKoe nojie Eo nocToaHHO h oflHopoflHO, cpOHOBbie sjieK- 
TpoHbi h flbipKH OTcyTCTByiOT, 3aTpaBOiHbie jiaBHHbi oflHOBpeMeHHO CTapTyiOT hx y3JiOB nepneHflHKyjiapHoii nojiio 
njiocKoii reKcaroHanbHoii perneTKH, ho caMH jiaBHHbi h nopo>KfleHHbie hmh CTpuMepbi o6jia/i,aiOT npn6jin>KeHHOH ax- 
CHajibHoii CHMMeTpHeft. noKasaHO, ito npn onpeflejieHHbix ycjiOBHax B3aHMOfleiicTBHe Meyapy CTpnMepaMH npHBO^HT 

B KOHIie KOHIIOB K CpOpMHpOBaHHK) fl B y x THnOB CTaiHIOHapHblX BOJIH HOHH3aHHH C rOCppiipOBaHHblM CppOHTOM HJIH 

CTarj,HOHapHofi iuiockoh bojihm HOHH3arj,HH. IIocTpoeHa fliarpaMMa pa3jiHiHbix ycTaHOBUBinnxca cocToaHHii TaKiix 
bojih b njiocKOCTH napaMeTpoB ( 1 / Eo , R) h jiaHO KaiecTBeHHoe o6"bacHeHHe pa36neHHa stoh njiocKOCTH Ha *ieTbipe 
pa3jiHMHbie o6jiacTH. Yloppo6m H3yneHbi h o6cy>Kjj,eHbi xapaKTepncTHKH rocppHpoBaHHbix bojih b o6jiacTH 6ojibniHx 
3Ha i ieHEii R h Eo, iyje MaKCHMajibHaa Hanpa>KeHHOCTb nojia Ha cppoHTe /jpcTaTOHHO Bejinxa jijia scpcpeKTHBHoii TyH- 

HejIbHOH HOHH3aiHlH. IIOKa3aHO, 1TO TOO^pHpOBaHHbie BOJIHbl HOHH3yiOT nOJiynpOBOflHHK SHa^IHTejIbHO 3<p(p eKTHBHee 

njiocKHx, oco6chho b OTHOCHTejibHO cjia6bix BHeniHHx nojiax. 



1 BBe^eHHe 



CTpHMepHbiii MexaHH3M sjieKTpHHecKoro pa3pH/ia yxe 
^,aBHO HcnojiB3yeTCH pjisi onucaHHH HMnyjibCHOro npo6oH 
pasjiHHHbix cpe/i,. TeopeTHnecKOMy h SKcnepiiMeHTajiBHO- 
My H3yneHHio CTpiiMepoB nocBHineHO mhojkcctbo pa6oT, 
o^naKO MejK,iiy sthmii flByMH cnoco6aMii iiccjieflOBaHHH 
HMeeTCH cym,ecTBeHHoe pacxojK/reHHe. B no^aBjiaiomeM 
HHCjie TeopeTHnecKHx pa6oT, BbinojiHCHHbix KaK aHajiH- 

THieCKHMH, TaK H HHCJICHHBIMH MeTOflaMH, H3yHajIHCb 
0^,HHOHHbIC CTpHMCpbl. McjKfly TCM Ha IipaKTHKG pa3pH,H 

o6biHHO ocyinecTBjifleTca: Gojibihhm KOjiinecTBOM 6jih3khx 
h noaTOMy B3aHMO,n,eiicTByiomHx Meacfly co6oii CTpiiMe- 
poB. TaKoe B3aiiMO,zreHCTBHe pfljix.no 6bitb cyinecTBeH- 

HHM, B HaCTHOCTH, B HMnyjIbCHOH KOpOHe H B CTpHMepHOH 

30He fljiHHHOfi HCKpbi, Tjjfl xapaKTepHoe paCCTOHHIie Me>K- 
py CTpiiMepaMii MeHbine hx fljiiiHbi, ho 6ojiBHie hx fliiaMeT- 
pa [UI2]. IIpeBOCxoflHbie cpOTorpacpiiii, oco6eHHO namsip- 
ho HjijiiocTpHpyiomHe 3to o6cTOHTejibCTBO, 6bijiH nojiyne- 
HH 3a nocjie/Hine HecKOJitKO jieT (cm., HanpHMep, 011]). 

MoflejIHpOBaHHe n0fl06HBIX MyjIBTHCTpHMCpHBIX pa3pHflOB 

npe^CTaBjiaeT co6ofi ohchb cjiojKHyio TpexMepnyio 3a^ra- 
Hy, noaTOMy b KanecTBe nepBoro inara Ha nyTH ee peineHHH 



n,ejiecoo6pa3HO H3ynaTb npeflejibHO ynpomeHHyio CHTya- 

H, HIO - 3BOJIHDH,HIO MaCCHBa HfleHTHHHBIX CTpHMepOB, Ofl- 
HOBpeMeHHO CTapTyB3IH,HX HX y3JIOB OflHOMepHOH (b 3TOM 

cjiynae MOflejit cooTBeTCTByeT SKcnepHMeHTaM [5 ,6J) hjih 
^ByMepHoii nepHOflHHecKoii penieTKH. 

HacKOjibKO HaM H3BecTHO, nepBaa nonbiTKa TaKoro po^a 
6bma npe,n;npHHHTa b pa6oTe [7j, aBTop KOTopoii H3ynaji 

3BOJHOH,HK) OflHOMepHOrO nepHOflHHCCKOrO MaCCHBa H,HJIHH- 

^Phhgckhx ctphmcpob, pacnpocTpaHsiomHxcH b B03^yxe 
ot TOHKoro npoBO.ua k napajuiejibHOH eMy npoBOflHHicfi 
njiocKOCTH. B3aiiMO/i,eHCTBHe MejK/i,y 3apa>KeHHbiMH CTpn- 
MepaMH yHHTbiBajiocb nyTeM npH6jiH»ceHHoro aHajiHTH- 
necKoro peineHiiH cooTBeTCTByromeii sjieKTpocTaTHHecKofl; 
sapa^m h BBefleHHH nojiyneHHbix t9,khm o6pa30M nonpa- 
bok k HanpH»ceHHOCTH npoflOJibHoro nojia b HHCjieHHyio 
MO^,ejib oflHHOHHoro CTpHMepa. Bbijio noKa3aHO, hto Ha- 
npHJKCHHOCTb nojia nepefl cppoHTOM xajK^oro CTpHMepa b 

MaCCHBe H CKOpOCTb HX paCnpOCTpaHCHHH 3aMCTH0 yMeHb- 
HiaiOTCfl nO CpaBHCHHIO C OflHHOHHbIM CTpilMCpOM. OflHa- 

ko KpoMe 3Toro BnojiHe ojKHflaeMoro pe3yjibTaTa HiiKa- 
Koii flonojiHHTejibHoii HH<popMan,HH aBTopy [7j nojiyHHTb 
He yuajiocb, nocKOjibKy oh Hcnojib30Baji Tax Ha3biBaeMyio 

I. 5D-MOflejib, b paMKax KOTopoii nonepenHbie pa3Mepbi h 
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(popMa Ka»c^;oro CTpHMepa anpnopn 3aflaHbi h nosTOMy 
He noflBepjKeHbi MejKCTpHMepnoMy B3aHMOfleftcTBHK). 
3Toro HefloCTaTKa jiHineHa pa6oTa [S], aBTopti koto- 

pOH MOflejIHpOBajIH 3BOJHOHHIO nepnoflHHecKoro MaccHBa 

flByMepHbix aHOflHOHanpaBjieHHbix CTpiiMepoB b ra3ax b 
o^Hopo^HOM BneniHeM nojie Eq, Hcnojib3yH «MHHHMajib- 
nyio» MO^,ejib (yHHTbiBaeTCH flpeiicp, ,nHcp(py3HH h yn;ap- 

Haa HOHH3ai],HH SJieKTpOHaMH, CpOHOBbIC SJieKTpOHbl OT- 

cyTCTByiOT, ,n,onojiHHTejibHbie MexaHH3Mbi HOHraainiH cpe- 
pjA He y^HTbiBaiOTCH [9]). Ha HanajibHOM STane CTpHMe- 
pbi pa3BHBaiOTCH He3aBHCHMO Apyr ot flpyra Tax, hto hx 
fljiHHa h paflHyc kphbh3hbi cppoHTa yBejiHHHBaiOTCH c no- 
ctohhhmmh CKopocTaMH |10U11| . O/niaKO xapaKTep flajlb- 

HCHHICH 3BOJHOHHH CyiHeCTBeHHO 3aBHCHT OT paCCTOHHHH 

2L Mempy ochmh CTpHMepoB. Ecjih L 6ojibine HeKOTopo- 
ro KpHTH^ecKoro 3HaHCHHa L C {E$), to cppoHT KajK^oro 
CTpHMepa HanHHaeT 6biCTpo HCKajKaTbCH BCJie,n,CTBHe pa3- 
bhths nonepeHHOii HeycToiiHHBOCTH, onncaHHOH b [12 15j 
fljia ra30B h b |11II16| pjisi nojiynpoBO/niHKOB. OflHaxo npn 
L < L c (Eq) 3Ta HeycToii^iHBOCTb noflaBjiaeTCH h co Bpe- 
MeHeM pacnpocTpaHeHne MaccHBa CTpHMepoB CTanoBHTCH 
ycToftHHBbiM h aBTOMO^ejibHbiM: Bee ohh flBHJKyTCH c no- 

CTOHHHOH CKOpOCTbK) Uf npH Heil3MeHHOH CpOpMe CppOH- 

Ta, KOTopaa He 3aBHCHT ot HanajibHbix ycnoBHii h mojkct 
6biTb onncaHa MHoro3HaHHOH cpyHKinicii 



Df(x) = — fcLarccos 

7T 



expl-- 



7T X - 



X f 



aL 



vpte Xf = Uft - nojiojKemie <ppoHTa Ha och x, napaji- 
jiejibHoft BHeniHeMy nojuo. 3ia (popMyjia 6bijia nojiyne- 
Ha b pa6oTe |17| fljia onncaHHH cpopMbi flBKscymeHCH b 
ycTaHOBHBHieMCH pe>KHMe rpanHHbi pa3flejia MejK^y flBy- 

MH HeCJKHMaeMblMH >KHflKOCTHMH C CHJIbHO pa3JIHHaK>IHH- 
MHCS BH3KOCTHMH (HanpHMep, BOflOH, KOTOpaa BblflaBJIH- 

BaeT rjiHH,epHH) b y3Kofi mejiH MejK^y ppyMsi njiacTHHaMH 
c HinpHHOH 2L (aHeiiKe Xejie-IIIoy) [18,12]. B stom cjiynae 
CKopocTb Uf flBHJKeHHH rpaHHHbi b (1+a/b) pa3 npeBoexo- 
,a,HT CKopocTb uq Te^eHHH 6ojiee bh3koh jkhakocth flajieKO 
nepe/i, rpaHimeii h nosTOMy H3 3aKOHa coxpaHeHHH Beme- 
CTBa cjie^yeT cooTHOineHHe 



b=l. 



(2) 



OopMyjia JTJ) npHMeHHMa Taitsce pjm onncaHHH pa^a 
flpyrHX (pH3HHeCKH pasjiHiHbix, ho MaTeMaTHiecKH skbh- 
BajieHTHbix nponeccoB npn ycjiOBHH, hto HopMajibHaa cko- 
pocTb rpaHHu;bi pa3/i,ejia u n b KajKfloii tohkc nponopii;H- 
OHajibHa rpaflneHTy HeKOTopoii noTeHn;HajibHofl; (pyHKn,HH 
ip(x,y), ynpBjieTBopaKMneii ypaBHeHHio JIanjiaca, a caMa 
rpaHHH,a pa3flejia SKBHnoTeHii^HajibHa: 

<p{x,y f ) = const, u n oc E n = \V„<p(x,yf)\. (3) 



B SKcnepHMeHTax c snewK&MK Xejie-IIIoy Bcer^a nojiy- 
naeTCH b — 1/2, to ecTb nocjie ycTaHOBjieHHH CTan,HO- 
HapHoro flBHJKeHHH rpaHHn;bi pa3flejia MeHee BH3Kaa jkh/i,- 

KOCTb 3aHHMaeT pOBHO nOJIOBHHy HIHpHHbl HHeHKH. 3tOT 

HeTpHBHajibHbiii (penoMeH cejieKH,HH 6hji oStHCHeH bjih- 
hhhgm CKOJib yroflHO Majioro, ho KOHeHHOro otkjiohchhh 
ot nepBoro H3 ycjiOBnii ^ H3-3a noBcpxHOCTHoro HaTH- 
>k6hhh [18,19] hjih KHHeTHHecKoro ncpeoxjiajKfleHHH [20 . 

Mo/i,ejib CTpHMepoB , yflOBjieTBopaiomaa ycjiOBHHM ([3]) 
(b 3tom cjiynae (p - sjieKTpHiecKHii noTeHH;Haji) , Bnep- 
Bbie Hcnojib30Bajiacb b pa6oTe |21] (cm. TaKace MOHorpa- 
cpHio [.22,]), o^Harco Ha caMOM ^ejie ohh MoryT BbinojiHHTb- 
ca jiHHib BecbMa npH6jiH»ceHH0. HapynieHHe nepBoro H3 
hhx oSycjiOBjieHO kohchhoh npoBOflHMOCTbio njia3Mbi 3a 
cppoHTOM h 3aMeTH0ii tojhh;hhoh 5 caMoro (ppoHTa, a bto- 
poro - 6ojiee cjiojkhoh 3aBHCHMOCTbio u n ot HopMajibHofi: 
k (ppoHTy HanpajKCHHOCTH nojiH E n . B paMKax «mhhh- 
MajibHofi» MO^ejiH CTpHMepoB b ra3ax c hckotopbimh oro- 
BopxaMH mojkho Hcnojib30BaTb (popMyjiy [5ll23| 

u n = u* =v e + 2D e X*, (4) 



r^;e A* — y v e a e /D e - noKa3aTejib 3KcnoHeHii;HajibHoro 3a- 
TyxaHHH KOHH,eHTpan;HH n sjieKTpoHOB nepe/i, cppoHTOM, a 
v e , D e na e - flpcHtpOBaa CKopocTb, ko3cp<phd;hcht ^ncpcpy- 

3HH H K03(pCpHHHeHT y^apHOH HOHH3aD;HH, JIOKajIbHO 3aBH- 

canj,He ot E n . 06mhho b ra3ax BTopoe cjiaraeMoe b npaBofi: 
nacTH ((4]) OTHOCHTejibHO Majio [9ll23|. noaTOMy npn no- 

CTOSHHOH nOflBHJKHOCTH SJieKTpOHOB /i e CKOpOCTb (ppOH- 

Ta u n « H e E n - 3to o6cTOHTejibCTBO aBTopbi pa6oTbi [S] 
CHHTajiH floCTaTOHHbiM ocHOBaHHeM npHMeHeHHa (popMy- 
jibi (JXJ) pjin HHTepnpeTan,HH cbohx pe3yjibTaTOB hhcjichho- 
ro MO,n,ejiHpoBaHHa, b nacTHOCTH, Ha6jnoflaBHieroca npn- 
6jiHJKeHHoro cooTHonieHHijll Em = E n (xf,0) — 2Eq; npn 
3tom, npaB^a, nraopHpoBajiocb to, hto b cjiynae CTpHMe- 

pOB flJIH BbinOJIHeHHH paBCHCTBa ^ HeT HHKaKHX OCHOBa- 
HEE. 

Hccjie^OBaHHe aHajiorHHHOfl npo6jieMbi npHMemiTejib- 
ho k nojiynpoBOflHHKaM Taxxce BecbMa aKTyajibno. B 
npaKTHiecKOM njiaHe 3to oSycjiOBjieHO TeM, hto MyjibTH- 
CTpHMepHbift MexaHH3M npo6oH, bo3mojkho [24 , 25j , onpe- 
,n,ejiaeT pa6oTy yHHKajibHbix no cbohm xapaKTepncTHKaM 
KOMMyTaTopoB - jiaBHHHbix o6ocTpHTejieii HanpH»ceHHa 
[26 , 27J , a b HayHHOM - oco6chhocthmh MHKpocKonHHe- 
ckhx nponeccoB b nojiynpoBOflHHKax. Cpe^H hhx oco6eHHO 

Ba>KHbIMH HBJISH3TCH 

- HaCbIIH,eHHe 3aBHCHMOCTeft V e ^h(E) B OTHOCHTejibHO 

oneHb cjia6bix nojiax E > E s ~ 10 kB/cm, npHBOflHmee, 
b nacTHOCTH, k cymecTBeHHOMy (no cpaBHeHHio c ra3aMn) 
yBejiHHCHHio OTHonieHHH u n /v e ^h fla»ce b paMKax «MEHE- 
MajibHOH» MOflejiH CTpHMepa [281129] h 



1 Oho Henjioxo BbinojiHsuiocb fljia H3yMaBinerocH b [8 MaccHBa 
CTpiiMGpoB npn Han6o.ni>iifflx 3EaieraHx L < L c , Korfla 8 <C L h 

OTKJlOHeHHe OT nepBOrO H3 yCJIOBHH ||2j MHHHMajIBHO. 
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- cymecTBOBaHne TyHHejibHoii iiOHii3an,iiii, KOTopaa mo- 
»ceT yBejiiiHHTb OTHomemie u n /v e ^h eme Ha nopaflKH Be- 
jihhhh [IIJI3QH35]. 

3tH OCo6eHHOCTH npHBOflHT K TOMy, HTO U n OC E n TOJIb- 

ko npn E n < E Sl a b aKTyajibHOM /niana30He 3HaHCHiiii 

E n CpyHKUHH U n (E n ) II3M6HH6TCH OT IIOCTOHHHOH flfl 3KC- 

noHCHiniajibHO ciijibHOH. IIosTOMy BTopoe 113 ycjiOBiiii ([3]) 
HHKorfla He BbinojinaeTCH, a paBeHCTBO @ MOJKeT 6biTb 
BbinojiHeHO jiHHib cjiynaiiHO npn HeKOTopbix cooTHOine- 
hiihx MejK,n,y napaMeTpaMH sa^a^m. Ciojib pa/piKajibHoe 
H3MeHeHHe KjiaccHHecKoit nocTaHOBKii sa^ani! 1 Hi] mo- 
>KeT npHBecTH k cymecTBemio iihmm cueHapmiM sbojiio- 
hhh rpaHiiHM pasflejia MejK,ny <pa3aMii b chjibho HepaBHO- 

BeCHBIX yCJIOBHHX. 

B HacToameii pa6oTe mm nonbiTajiiicb iisyniiTb 3Ty iih- 
TepecHyio npo6jieMy nyTeM HiicjieHHoro MOflejiiipoBamiH 
nponecca B3aiiMO,a,eHCTBiiJi Meatfly CTpiiMepaMii b nojiy- 
npoBO^HHKax. TjiaBHOii nejibio hbjihjiocb nojiyHemie MaK- 
CHMajibHO noflpo6Hbix ii nojiHbix pe3yjibTaTOB fljia npo- 
CTeiiinero cjiynaa nocTOHHHOro ii OflHopo^Horo BHenmero 
nojia, KOTopbie Morjm 6m cjiyjKiiTb ochoboh jijih flajibHeii- 
niHx HCCJieflOBaHiiii. 

2 MaTeMaTHHecKaa Mo^ejib 
MacciBa CTpHMepOB 

KaK ii aBTopbi 6ojibniHHCTBa pa6oT, nocBHmeHHbix hiic- 
jieHHOMy MOflejiiipoBaHiiio CTpiiMepoB, mm Hcnojib30Bajiii 
^iiepcpysHOHHO-flpeiiepOBoe npii6jiii:HceHiie, b paMKax ko- 
Toporo pacnpe^ejieHiia sjicktpohob n(t, r), /njpoK p (t, r) 
oniiCMBaiOTca ciiCTeMoii ypaBHeHHii HcnpepbiBHOCTii, ko- 
Topbie HaM yn,o6iio 3aniicaTb b bii^c 

d(p + n) 



dt 



2(s g 



d(p — n) 
dt 



0. 



(5) 
(6) 



r,ne cjiaraeMbie s g . r oniiCMBaiOT Bee B03MO>KHbie MGxaHii3- 
mm reiiepaniiii ii pcKOM6nHan,nii , njiOTHOCTH noTOKOB cbo- 
6o,h,hmx HOCHTejieii 3apfl,a,a paBHM 



j t n - V (D e>h n) , 



HHfleKCM «e» II <<h» COOTBGTCTByiOT SJieKTpOHaM II flbip- 

KaM. B HacTOHineii pa6oTe mm orpaHiiniuiiicb paccMOT- 
peHiieM TOJibKO HenpaM030HHbix nojiynpoBOflHHKOB THna 
Si, Ge mm SiC, b kotopmx CKopocTb H3JiyHaTejibHofi pe- 
KOM6nHau;Hn o^enb Majia. IIosTOMy cpOTOiiOHii3airiicii cpe- 
flbi nepe,n, cppoHTOM CTpiiMepa rajiyHeHiieM njia3MM 113- 
3a (ppoHTa mwkho npeHe6penb ii CTiiTaTb, hto renepa- 
hhh nap npoiicxo,zi,iiT rjiaBHMM o6pa30M 3a chbt yflapHoii 
h TyHHejibHoft iiOHH3an,iiii. B stom cjiynae 

s g = {a e v e n + a h v h p)h(n +p- n th ) + g t , 



r^;e h(x) - efliiHiiHHaa (pyHKi^iiH XsBncaiifla, n t h - hgko- 
Topaa noporoBaa KOHii;eHTpaii,iia. OHa BBeppna fljia to- 
ro, hto6m HCKjiiOHHTb noaBjieHiie HeepHSii^iecKHx penie- 
hiiii ii3-3a yflapHoii iiOHH3an;iiii ^ajieKO nepe,a, (ppoHTOM 
CTpHMepa, Tflfi KOHn;eHTpaii,Ha sjieKTpoHOB h flbipoK, no- 
pojKfleHHbix TyHHejibHoit noHii3an,Heit bo BHenmeM nojie, 
oneHb Majia (n+p < n t h) h KOHTiiHyajibHoe npH6jiH»ceHiie 
3aBeflOMO HenpiiMCHiiMO [30 , 36J . Tax xax BpeMH jkh3hh 
HOCHTejieii 3apa/i,a oGmhho MHoro 6ojibine bpgmghh pac- 
npocTpaHGHiiH CTpiiMepoB, mm npeHe6perajiH peKOM6nHa- 
u,iieii, to ecTb nojiarajiii s r = 0. KpoMe 3Toro mm c^h- 

TajIH, HTO K03(p(pHII,IieHTbI y^apHOH H0HH3aiI,HII a e ^, CKO- 

pocTb TyHHejibHoii iiOHii3aniiH g t h flpeiiepOBbie CKopocTii 

~V e ,h HBJIHK3TCH 3a,H,aHHMMH MrHOBeHHMMII II JIOKajIbHMMII 

cpyHKu,iiaMH HanpajKeHHOCTii nojia E(t, r), ynpBjieTBopa- 
Knu,eii ypaBHeHiiio IlyaccoHa 



V-E 



-(P 



-A(p, 



(7) 



r,a,e tp - sjieKTpiiiecKiiH noTeHn;Haji, q - sjieMeHTapHbiii 
3apa,n; , e - ,n;H3jieKTpiiHecKaH npoHimaeMOCTb cpe^,bi, hc- 
nojib30Bajiii o6biHHbie annpoKCiiMan,Hii 

v/ l = -v e = /iE, p = v s /(E + E s ), 
a e = a h = aexp(—E/E), 
g t = g t (E/E t ) 2 exp(-E t /E), 

ii npeHe6perajiii 3aBiiciiMOCTbio K03(p(pHri,HeHTOB /picpcpy- 
3iiii D e h ot E, nojiaraa D e = Dh = D = const. Bxo- 
^am;ne b (f5|)- (|10p noflroHO^rabie napaMeTpbi v s , E s , a, E, g 
ii E t onpeflejunoTCH 30hhoh CTpyKTypoii nojiynpoBOflHii- 
Ka ii MexaHii3MaMii pacceaHiia sjieKTpoHOB ii flbipoK. Mm 
ncnojib30BajiH Te ?Ke TiinnnHbie 3HaHeHiiJi v s = 10 7 cm/c, 
E s = 150 kB/cm, & = 10 6 cm- 1 , E = 1,5 Mb/cm, 
g = 6, 7 • 10 35 cm _3 c _1 , E t = 22, 5 MB/cm, D = 20 cm^" 1 
h e = 11, 8eo, hto h b pa6oTe |llj . 

HanajibHbie ycjiOBiia pjia ciiCTeMM ypaBHeHHii ©-(JT]) 

IIMeiOT BHfl 



ip(0,r) = -E x, 
a (0, r) = a (r - n) , p(0,r)=0, 



(8) 
(9) 



rfle Eq - HanpHJKenHOCTb BHeniHero nojia, HanpaBjieHHO- 
ro B^,ojib och x, a — q(p + n)/eaE, p — q(p — n)/eaE 
- 6e3pa3MepHbie KOHu;eHTpan,Ha h njiOTHOCTb o6T>eMHoro 
3apa,n,a sjieKTpoHOB ii flbipoK, uo (r) - jno6aa ^,ocTaTOH- 
ho ciijibHO jiOKajiH30BaHHaa (pyHKu;HH, y^OBjieTBOpaiomaa 
yCJIOBHK) HOpMIipOBKH / cr (r) dr = 2q/eaE. Mm Hcnojib- 
30Bajiii rayccoBO pacnpe^ejicHHC 



ao (r) = al exp (-r 2 



Irl) 



me cr° = 2q/^/ 2 eaErl w 0, 0045. 
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yCJIOBHH ((HI) COOTBeTCTByiOT nOHBJieHHK) B KajKflOH TOH- 

Ke r = Ti o,h,hoh sjieKTpoHHO-flbipoHHOii napbi b momght 

BpeMeHH t = 0. B COOTBeTCTBHH CO CK£L3RHHBIM BO BbC- 

flCHHH, 3th tohkh coBna^aiOT c y3JiaMH njiocKoii, Hanpii- 
Mep, reKcaroHajiBHOfl peineTKH, pacnojiojKeHHOii b njioc- 
kocth x = 0. B 3tom cjiynae jiaBHHbi h nopo>KflacMbie 
hmh CTpHMepbi o6jia/i,aiOT CHMMGTpHefi npaBHjibHoii inc- 

CTHrpaHHOH npH3MbI. BioSTOMy B HHJIHHflpHHeCKOH CHCTe- 

Me KOopflHHaT r = {x, y,$} (3,n,ecb h flajiee y - paceroa- 
hh6 ot tohkh r flo och x) , CTporo roBopa, cjievayeT yHH- 
TbiBaTb 3aBHCHM0CTH n,p h ip ot a3HMyTajibHoro yraa 
to ecTb Heo6xo,n,nMO peniaTb TpexMepHyio sa^any Ko- 
niH c ecTecTBeHHbiMH rpaHHHHbiMH ycjiOBHSMH Ha 6oko- 
bmx rpaHHX npH3Mbi, Tpe6yioiHyio oneHb 6ojibiHHX bm- 
HHCJiHTejibHbix pecypcoB. Mex^y TeM npo6jieMy mojkho 
pa^HKajibHO ynpocTHTb, ecjiii annpoKCHMHpoBaTb npH3- 
My c nmpHHOH 6oKOBbix rpaHeii H hhjihh/ipom c pa/ni- 

ycoM R = H \J 3\/3/27r w 0.91H. IIpH stom njioiHa/pi 
ocHOBaHiift npH3Mbi ii inijiHH,npa coBna^aiOT, a paccToa- 
Hiie MejKfly iix Gokobbimii noBepxHOCTHMH He npeBoexoflHT 
0.1-ff. Ctojib Majioe pa3JiHHHe (popM 6okobi>ix noBepxHO- 
ctc-h hc ,h;oji>kho OKa3aTb 3aMeTHoe bjihhhhc Ha npoHeccbi 
HOHH3an;HH h nepeHOca b6jih3h och chmmctphh, KOTopbie b 
ochobhom h onpc^ejiiHOT sbojiiohhio MacciiBa CTpHMepOB . 
,ZLth no,n,TBepjKfleHHa cnpaBefljiHBOCTH 3Toro yTBepayje- 
hhh b Ta6jiime npiiBefleHbi ochobhbic napaMeTpbi (MaKCH- 
MajibHoe nojie Ha cppoHTe Em , KOHn,eHTpan,HH sjieKTpoHOB 

H flbipOK Ha OCH X 3a (ppOHTOM <J~ H CKOpOCTb (ppOH- 

Ta uj) njiocKoro, aKcnajibHO CHMMeTpHHHoro h reiccaro- 
HajibHoro CTpHMepOB, nojiyHeHHbie npn MO/^e jinpoB jihhh c 

OflHHaKOBblMH CCTKaMH KOHCHHblX 3JieMCHTOB. KaK BHfl- 

ho, napaMCTpbi njiocKoro CTpHMepa cymecTBeHHO otjih- 
naiOTCH ot npaKTHnecKH coBnaflaioiinix napaMeTpoB ax- 
cuajibHO CHMMCTpHHHoro h reKcaroHajibHoro CTpHMepOB. 
B to jkc BpeMa 6e3pa3MepHaa cxopocTb cneTa Ax f / Atv s 
(3p£Cb At - BpeMH, 3aTpaH;eHHoe Ha MOflejinpoBaHHe npo- 
necca npoflBHJKeHHH cppoHTa na paccTOHHHe Axf) reKca- 
roHajibHoro CTpHMepa noHTH b 100 pa3 MeHbme, neM aic- 
cnajibHO CHMMeTpiiHHoro. IIosTOMy b HacToameH pa6oTe 
mm 6ya;eM npeHe6peraTb 3aBHCiiM0CTHMH n,p,(p($), cjia- 
6mmh npn aKTyajibHbix 3HaneHHHx y < H/2 ss R/2, h 
CHHTaTb, hto jiaBHHbi h CTpHMepbi o6jia,a,aiOT aKCHajIbHOfl 

CHMMeTpHCH . 

IlapaMeTpfai pa3JiHHHMx crpHMepoB npn 

E = 0.5E, L = R = 0.9m, H = 289/a 



IlapaMeTp 


IljIOCKHH 


AKCHajIBHblH 


reKcaroHajibHbiii 


E M /E 


0.773 


1.17 


1.18 




0.17 


0.58 


0.59 


Uf/V a 


1.88 


4.14 


4.12 


Axf/Atv s 


0.36 


0.15 


0.0017 




0.0 



1.0 



0.5 



0.0 



2 4 6 8 

mini 



60 



npn cflejiaHHbix flonymeHHHx Hania sa^ana TaKJKe chm- 



12 16 20 24 

x/R 



Phc. 1: 9BOJiioii,iia 4>poHTa MaccHBa CTpiiMepoB npn Eq — 
0.36i? h pa3HBix R. MepHbiM ii,b6tom OTMeneHbi o6jiacTH 4>poH- 
Ta, BHyTpn kotopbix njiOTHOCTb o6 r beMHoro 3apa/],a 6ojibnie 
O.Q02eaE w 3, 2 mKji/cm 3 , b MOMeHTbi BpeMeHH t = i/av s ~ 
lOi nc, i = 1,2. ..8. 

MeTpHHHa OTHOCHTejibHO njiocKOCTH x — 0, nosTOMy ee 
^ocTaTOHHO peniHTb b npHMoyrojibHoii o6jiacTH 

0<x<X, 0<y<R, 

fljiHHa KOTopoii X flOjEKHa 6biTb 3HaHHTejibHO 6ojibine 

flJIHHbl CTpHMepa. IIpH 3TOM rpaHHHHblC yCJIOBHH npHHH- 
MaiOT BHfl 

ip(t,0,y)=0, dip(t,x,y)/dx\ x=x = E , 

d4>(t,x,y)/dy\ y=OtR = 0, (10) 
a(t,X,y)=0, 
da (t, x, y)/dx\ x=0 = da (t, x, y)/dy\ y=0 R = 0, (11) 
p(t,X,y)=p(t,0,y)=0 
dp(t 1 x,y)/dy\ y=OR = 0. (12) 

Sa^ana Kohih (jSl- (|12p peinajiacb Meio^OM KonenHbix 
ajieMeHTOB c aflanTHBHOii HeoflHopoflHoii ceTKOii Tax, KaK 
onHcano b pa6oTe |11) . 
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10 20 30 40 50 2 3 4 5 

0.1 5 vt E/E 

s 



Phc. 2: 3aBHCHMOCTH MaKCHMajiBHoii Hanpa>KeHHOCTH nojia 
Em b MaccHBe CTpuMepoB ot BpeMeHH npn Eq = 0.36-E h 
pa3JTHHHBix 3HaieHHHx R : CBeTjiBie chmbojibi - pacneT npn 
-Ro < R < R c , TeMHBie chmbojibi - pacneT npn R > Rt. Cnjioni- 
Haa jmHHa - 3aBiiciiMOCTB Em^t) fljia H30JiHpoBaHHoro CTpn- 
Mepa, niTpnxoBaa jiHHiia - HanpajKeHHOCTB BHeniHero nojia Eo . 

3 Pe3yjit>TaTbi MOflejinpoBaima 
h hx oGcy^K^efme 

PaCHCTbl BbinOJlHHJIHCb flJIH 3HanCHHH Eq = (0.2 — 0.7)E H 

R = (20 - BOOO)^ 1 npn r a = 2/5 h a th = 10" 8 . Pesyjib- 
TaTbi MO,n,ejiHpoBaHHa: npe,n,CTaBjieHbi Ha PHCVHKax[Tl ll3l 

Kax h cjieflOBajro ojKH^aTb, jraBHHbi h CTpHMepbi pa3- 
BHBaiOTCH HG3aBHCHMO flpyr ot flpyra Tax, KaK onncaHO 
b [TT], noxa hx fljiHHa 2xf <C 2R. ilpn a;/ = (2,5 -f- 3)i? 
sjieKTpocTaTH^ecKoe B3aHMO,n,eHCTBHe MejK^y hhmh CTa- 
hobhtch 3aMeTHbiM (cm. IIpHjiojKeHHe) . BHanajie 3to npn- 

BO,H,HT K 3aMeflJieHHK) paciHHpeHHH CTpHMepOB (Phc. [1} H 

k yMeHbnieHHio MaKCHMajibHofi nanpajKeHHOCTH nojia Em 
Ha cppoHTe (Phc. [5]). ^ajibHeHHine pe3yjibTaTbi B3anMO- 
fleiicTBHa: cymecTBeHHO 3aBHCHT ot 3HaneHHH CBo6o^Hbix 
napaMeTpoB 3a,naHH Eq h R. Orcasajiocb, hto njiocKOCTb 
[1 / Eq , R] pacna/i,aeTCH Ha neTbipe o6jiacTH, H3o6pa»ceH- 
Hbie Ha Phc. [3J BHyrpn KOTopbix xapaKTep sbojuouhh Mac- 

CHBa CTpHMCpOB KaneCTBCHHO pa3JIHHaeTCH. 

B o6jiacTHx 1 h 2 (to ecTb npn R > R t (Eo) h npn 
Rq(Eq) < R < R c (Eq)) c TeHemie-M BpeMeHH pacnnipe- 
Hne CTpHMepOB npeKpamaeTCH, hx cpopMa h napaMeTpbi 
(Em, <?~ , Uf) nepecTaiOT hsmchhtbch, to ecTb Becb MaccHB 
CTpHMepOB npeBpamaeTca: b CTain-iOHapHyio BOJiHy hohh- 
3an;HH c 6ojiee hjih MeHee chjibho HCKpHBjieHHbiM (rocp- 

pHpOBaHHBIM) (ppOHTOM (CM. PhC. [T]). 06lH,eH flJIH 3THX 

o6jiacTeH HBjiaeTCH TeH^eHnna k yMenbineHHio BMecTe c 
R ycTaHOBHBiHHxca 3HaHeHHH napaMeTpoB Em, <J~ ' , Uf h 



Phc 3: ^narpaMMa ycTaHOBiiBnmxca cocToaHHii reiccaro- 
HajiBHoii penieTKH CTpuMepoB. JIhhhh pa3,o;ejiaiOT njiocKOCTB 
(l/Eo,R) Ha neTBipe KanecTBeHHO pasjiHiHBix o6jiacTH (cm. 
tckct). Chmbojibi - pe3yjiBTaTBi nncjieHHOro MO/i,ejiHpoBaHHa 
(TeMHBie KBajj,paTBi npn Eo > 0AE - pacneT 6e3 yneTa TyH- 
HejiBHoii HOHH3an,HH, CBeTjiBie KpyjKKH - pacneT fljia penieTKH 
njiocKHx CTpHMepOB c nepnoflOM L, CBeTjiBie KBaflpaTBi - pac- 
ieT fljia ra30B no flaHHBiM [8]), HiTpnxoBaa jihhh3 - pacneT no 
cpopMyjiaM J35),(|2BJ. 

KpHBH3HBI CppOHTa (CM. PhC.|3]). 

J\jin onncaHHH Taxnx bojih yflo6HO Hcnojii>30BaTb abh- 
jKymyiocH BMecTe c (ppOHTOM CHCTeMy 6e3pa3MepHbix ko- 
opflHHaT f = (r — Ufx)/R h HCKaTb penieHHe b BH^e 



(13) 



IIo^,CTaHOBKa (|13p b ©-(O npHBO^HT k CHCTeMe ypaBHe- 

HHH 



a(t,r) 




a(r) 








<P(t,T) 




ERip(f) 


E(t,r) 




EF(r) 



Uf da 
~Rdx~ 



2(ava 



euE' 



1 

^2 



-V-(pv) — DAa 

a 



Uf dp - . D ^ - 



V-F = p 



-Aip, 



(14) 

(15) 
(16) 



r^e b onepaTopax V h A ^HcpcpepeHHHpoBaHHe npoH3BO- 
,n,HTCa no f . 

B o6jiacTH 1 MaKCHMajibHaa HanpajKCHHOCTb nojia Ha 
cppoHTe Em A 0C ™ raeT AOCTaTOHHO Gojibhioh bcjikhhubi 
(nopa^Ka E npn Bbi6paHHbix hsmh 3HaHeHHax napaMeT- 
poB nojiynpoBOflHHKa), nTo6bi CTajia 3aMeTHoft TyHHejib- 
Haa HOHH3au,Ha. Ilpn oneHb 6ojibhihx R cpopMa cppoHTa 
Uf(x) h napaMeTpbi Em, o~ ne 3aBneaT ot R, njiOTHOCTb 
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R R 



b 
b 




0.01 



OMSR 



Phc. 4: 3aBHCHMOCTH MaKCHMajibHon Hanpa>KeHHOCTH nana 
Em, CKopocTH cppoHTa uf, MaKCHMajibHofi er~ h cpeflHeii no 
njiomafln a av KOHneHTpannii HOcnTejieii 3apa,na 3a cppoHTOM 
ot napaMeTpa R npn Eo = 0.36-E. 




(x-x f )IR 



Phc. 5: ycTaHOBHBinneca cpopMBi (ppoHTa reKcaroHanBHoii pe- 
nieTKH CTpnMepoB npn ctR = 8000 h pa3JiHHHBix HanpaxceH- 
HOCTax BHenmero nana Eo. Chmbojtbi yKa3BiBaiOT nojio>KeHHa 
ToneK 3a (ppoHTOM, b kotopbix Hanpa>KeHHOCTB nojia no pe- 
3yjiBTaTaM HncneHHoro MOflejinpoBaHna paBHa 0.001-E, jihhhh 
- annpoKCHMannn no cpopMyjie (fT|). 



oSteMHoro 3apH/i,a qp oc 1/R, a CKopocTb Uf oc R h Ha- 
MHoro npeBBiinaeT MaKCHMajibHyio cxopocTb flpeftcpa v s 
(cm. Phc. S]). Taxne 3aKOHbi no,a,o6HH sbjihhdtch npHMbiM 
cjie/i,CTBHeM CTpyKTypti ypaBHCHHft (I14l) - (|15p . npaBbie na- 

CTH KOTOpblX CTaHOBHTCH npCHe6pCJKHMO M3JIBIMH npH 

R — > oo, a 6e3pa3MepHbie (pyHKrnra <r(f ), p(r ), c3(f ), P(f ) 
nepecTaiOT 3aBHceTfa ot i?, ecjin CKopocTb cppoHTa Uf oc R. 

HHTepecHO OTMGTHTb, hto pemeHHe BHfla (|13[) BnojiHe 
aHajiorHHHO SKcnoHCHnnajibHO-aBTOMO^ejibHOMy peine- 
hhk) CHCTeMbi ypaBHCHHH HenpepbiBHOCTH h ITyaccoHa, 

OnHCblBaiOIHHX SBOJHOnFHO H30JIHpOBaHHOrO CTpHMCpa B 

o^nopoflHOM BOjie b HeorpaHHHeHHOM npocTpaHCTBe |341 
I37| . Pa3HHu;a coctoht jihhib b tom, SKcnoHeHiniajibHO pac- 
TyiHiie npocTpaHCTBeHHbie MaciHTa6bi h cxopocTb cppoHTa 
CTpHMCpa b HanieM cnynae CTanoBSTca (no nponiecTBHH 
^ocTaTO^Horo BpeMeHn) nocTOHHHbiMH. Bh/j, aBTOMOflejib- 

HblX ypaBHCHHH (|14[) . (|15P TaKJKe HeCKOJIbKO H3MGHHCTC5I 
(nO CpaBHCHHK) C ypaBHCHHSMH (11), (12) H3 |33]) H3-3a TO- 

ro, hto orpaHHHHBaiOTCH TOJibKO nonepenHbie MacniTa6bi 
KajK,n;oro CTpnMcpa b MaccHBC IIpHHn;HnHajH>Hi>iM hbjihct- 
ch to, hto o6a Tnna aBTOMO/jejibHOCTH peajiH3yiOTCH jininb 
npn floCTaTonno 6ojibihhx Rniif, Kor,na cuaraeMbiMH c co- 

MH05KHTGJIHMH R~ 2 HJIH uj 2 MOJKHO npeHe6peHb. <J>H3HHe- 
CKHH CMblCJI STOrO npn6jIHJKeHHH COCTOHT B TOM, HTO npH 
6ojIbIHHX R CKOpOCTb CppOHTa U f CTaHOBHTCH MHOrO 60JIb- 

nie cpe/niCH HanpaBjiCHHOii ckopocth HOCHTcneft 3apa^,a. B 
3tom npeflcne hx nepeHOC Henocpe/jCTBeHHO He bjihhct Ha 
H3MeHeHne c, KOTopoe o6ycjiOBjieHO TOJibKO HOHH3aHHeft b 

COOTBCTCTBHH C ypaBHCHHCM (1141) . Pojlb flpeftcpa CBOflHTCS 

k o6pa30BaHHio o6 r beMHoro 3apafla (cm. ypaBHeHne (|15[) ). 
KOTopbifi noflaBjiaeT nojie 3a cppoHTOM b cootbctctbhh c 
ypaBHeHHeM IlyaccoHa (|16l) h onpeflejiaeT CTpyKTypy boji- 



hm b nejiOM. 

3aBHCHMOCTH yf(x) fljiH TaKHx yflajieHHbix flpyr ot flpy- 
ra CTpnMepoB, H3o6pa:sceHHbie Ha Pnc [5j xoponio onncbi- 
BaiOTCH cpyHKinieft ([T]) npn 3aMeHe L Ha R, o^,HaKO no npn- 
HHHaM, yKa3aHHbiM bo BBefleHHH, ee cjieflyeT paccMaTpn- 
BaTb Bcero jihhib KaK oflHy H3 noflxoflam,Hx annpoKCHMa- 
h,hh pe3yjiBTaTOB MOflejinpoBaHna. Bxoflamae b Hee noflro- 
HOHHbie napaMeTpbi a, b cymecTBeHHO 3aBHcaT ot £^0 (cm. 
Phc. [5]), npHHCM o^im(o+fc) ^ 1. 3aBHCHMOCTH ocTajib- 
hmx napaMCTpoB cpponTa ot Eq H3o6pa>KeHbi pjin SToro 
cjiynaa: Ha Phc [THHl 

KaK h cjieflOBajio ojKHflaTb, MaKCHMajibHaa HanpajKeH- 
HOCTb nojia Ha cppoHTe Em yBejinnHBaeTca: c poctom Eq 
(Phc. [7]); bmcctc c Heft yBejiHHHBaiOTCH ne3aBHCHiii;He ot R 
6e3pa3MepHoe BpeMH Uf j aRv s npojieTa (ppoHTOM paccTO- 
shhs R (Phc [7]) h KOHn,CHTpan;HH cr~ , a av (Phc. [5]). 0,n,Ha- 
ko npn 3tom OTHomeHHe Em/Eq yMeHbniaeTCH (cm. Phc. 
in]). P^na o6"bHCHeHHH 3Toro 3(p(peKTa cjie^yer OTMeTHTb, 
hto no Mepe yflajieHHH ot hjiockocth x = Xf cxopocTb 
HOHH3an,HH 6biCTpo yMeHbmaeTCH BMecTe c E n h CTaHO- 
bhtcs npeHe6pejKHMO Majioft npn x < x% h E n < Ei = 
E n {xi) ~ 0.1E. 51cho, hto /ynma (xf —Xi) o6jiacTH hohh- 
3an,HH yBejiHHHBaeTCH BMecTe c Em h Eq , nosTOMy pa^nyc 
bR KajK,n;oro CTpHMepa b MaccHBe TO»ce flOjixceH yBejiHHH- 
BaTbca. IlapaMeTp a, xapaKTepn3yiOHi,Hft «CTeneHb 3aocT- 

pCHHOCTH» (ppoHTa CTpHMepOB^, TOJKe yBejIHHHBaeTCH c 

Poctom Em, ho MefljieHHee, neM b. Hhhmh cjiOBaMH sto 
03HanaeT, hto c poctom Eq CTpHMepbi flOJiJKHbi CTaHOBHT- 
ca ocTpee, ho TOjinre. Pe3yjibTaTbi HHCjieHHbix pacneTOB 
Em flJia npocTeftHieft MO^ejiH CTpHMepa (cm. IlpHjiojKe- 

2 HeM 6ojibine a, TeM 4)poHT CTpHMepa ocTpee npn cpHKCiipoBaH- 

HOM 3HaMeHHH bR. 
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EJE 



Phc. 6: 3aBHCHMOCTH napaMeTpoB a (TeMHBie chmbojibi) h b 
(cBeTjiBie chmbojibi), onpeflejiaioinHx ycTaHOBHBHiyioca cpop- 
My (ppoHTa MaccHBa CTpiiMepoB (cm. {TJ), ot Hanpa>KeHHOCTax 
BHeniHero nojia Eq npn aR = 8000 (KBaflpaTBi) h aR — 4000 

(Kpy>KKIl) . 



Hlie) nOKR3bIBcLK)T, HTO COBMeCTHOe JJ,eHCTBHe 3THX flByx 

(paKTopoB flpjuKno npHBOflHTb k naflaiomefl 3aBHCHMOCTH 
Em/Eq ot Eq, KOTopaa corjiacyeTca c pe3yjiBTaTaMH mo- 
^ejiHpoBaHHH (cm. Phc. [9j> b KanecTBeHHOM othohichhh. 
HeKOTopoe npeBBiHieHHe ojKHflaeMBix othoiiichhh Em / Eq 
Hafl Ha6jiioflaeMbiMH o6t)HChhgtch tcm, hto cppoHT CTpn- 

MepOB HMeCT KOHCHHyK) TOJIIHHHy S, npH^ieM OTHOHieHHe 

S/R yB&nHHHBaeTca c poctom Eq |35| . 3,n,ecB Heo6xo,n,HMO 
OTMeTHTb BajKHbiii ,n,jiji npaKTHnecKHx npHMeHeHHH pe- 
3yjn>TaT: cpe/niaa KOHHCHTpaniia <j av sjieKTpoHOB h jxbi- 

pOK 3a CppOHTOM TOCppHpOBaHHOH BOJIHBI HOHH3aHHH 3Ha- 

HHTejiBHO GojibHie, HeM 3a cppoHTOM njiocKoii bojihbi (Phc 

[5]). IIpHHHHa 3TOTO COCTOHT B TOM, HTO yMCHBHICHHC njIO- 
IHajXH HOHH3aHHH npHMepHO B b 2 pa3 B TOCppHpOBaHHOH 

BOjiHe no cpaBHeHHio c njiocKoii c h36bitkom KOMneHcnpy- 
eTCH 3a cneT SKcnoHeHnnajiBHoro yBejiHHeHHH ckopocth 
yn,apHOH HOHH3arniH. 3tot sepcpeKT oco6chho bcjihk b ot- 
HOCHTejiBHO cjia6oM bhchihcm nojie, Korjia 3aBHCHMOCTB 
a(E) oneHB pe3KaH. 

IIpH yMCHBHICHHH R CTaHOBHTCS 3aMGTHO, HTO CppOHT 

HanoMHHaGT He ctojibko h,hjihh,hp c OBajiBHBiM HaKOHen- 

HHKOM, CKOJIBKO BOJiaH fljlfl 6aflMHHTOHa (PhC. [1} , npH- 

neM HaKjiOH nonTH jinHefiHoro ynacTKa rpacpHKa (pyHKHHH 
Vf{x) (onepeHHH BOjiaHa) yMeHBinaeTCH npHMepHO o6paT- 
ho nponopniionajiBHO R (Phc. 1 1(J[) h annpoKCHMainia ((lj 
CTaHOBHTCH Bee MeHee npHroflHoii. fljia o6 r bHCHCHHa sto- 
ro acpcpercra cjiejjyeT ynecTB, hto b cjrynae CTaniiOHapHOH 

BOJIHBI BBinOJIHHCTCa KHHCMaTHieCKOe COOTHOHieHHe 
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Phc. 7: 3aBHCHMOCTH MaKCHManBHoii Hanpa>KeHHOCTH nojia 
Em h 6e3pa3MepHoro BpeMeHH itf/aRv a npojieTe cppoHTOM 
paccToaHna R ot Hanpa>KeHHOCTH BHeniHero nana Eq npn 
aR = 8000 (KBaflpaTBi) h aR — 4000 (xpyjKKH) . 



dyf 

dx 



(17) 



n 



- u n [E n (x)] h no onpeflejieHHio yf(xf) = 0, 
Uf. B o6jiacTH x < Xi caM cppoHT nepecTaeT 



rfl^l u 

u n (x f ) 

6bitb cppoHTOM HOHH3airHH, a npeflCTaBjifleT co6oii npocTO 
tohkhh cjioh o6T>eMHoro sapjina, jTBH^yiniiHCH rjiaBHBiM 
o6pa30M 3a chct jxpeiicpa sjieKTpoHOB (ecjin Ha cppoHTe 

p < 0) HJTH flBipOK (ccjih Ha cppoHTe p > 0), nOSTOMy 

u n — v\E n {x)\. OTcro^a h H3 3aKOHOB noflo6na Uf oc R, 
Em = EF(0,0) cjie/i,yeT, hto npoH3BO/i,Haa dyf/dx CTpe- 

MHTCH K HyjIIO, a paflHyC CTpHMCpOB - K HCKOTOpOH nOCTO- 

hhhoh BejiHHHHC bR npH R — y oo h Uf/v s — > oo. HeTpy,n,HO 
noKa3aTB, hto b stom cjiynae HanpajKCHHOCTB nojia E n 3a 
cppoHTOM y6BiBaeT no 3aK0Hy 



E n [x) w Ei exp[A B (a; - Xi)], 



(18) 



R \l — b 

MHHHMajIBHBIH nOJIOJKHTCJIBHBIH KOpeHB ypaBHCHHH 

M\ E bR)Y 1 {\ E R) = J 1 (\ E R)Y (\ E bR), 



(19) 



3 Ecjih Ha pacnpocTpaHeHHe bojihbi cymecTBeHHoe BJiHHHHe OKa- 

3BIBaeT TyHHeJIBHaa HOHH3an;H5I, TO U n 3aBHCHT He TOJIBKO OT 

ho h ot Bcero pacnpeflejieHHH nojia b^ojib chjioboh jihhhh, nepe- 
ceKaiomeH 4>poht 34 35 . 9to o6cTOHTejiBCTBO ^ejiaeT aHajiHTHMe- 
CKoe BBiHHCJieHiie Bcefi (J)opMBi c^pOHTa coBceM yiK 6e3Ha r nje>KHBiM , 
ho He OKa3BiBaeT HHKaKoro bjihhhhh Ha CBoiiCTBa (^yHKi^Hii Uf(x) 
npn x < Xj.. 
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J v nY v - cjaymcrpiH Beccejra nepBoro n BToporo po,n,a no- 
pa,n,Ka v. IIo^CTaHOBKa (|18p b (|17p npnBO/niT nocjie hhtg- 

rpHpOBaHHH K aCHMnTOTHHGCKOH 3aBHCHM0CTH 



y f (x) = bR 



A, 



:ln 



7 



1 



E_ 



L^Ei'-C-Xi) 



(20) 



KOTopaa cnpaBe,n;jiHBa npn ycjiOBHH Majiocni BToporo cjia- 
raeMoro no cpaBHemiio c nepBbiM. B nojiynpoBOflHHKax 
o6biHHO Ei 3> E s . nosTOMy cymecTByeT o6jiacTb, r^,e 
E s < E n < Ei, v ~ v s h 



y f {x) w ^(a;,) 



(21) 



b cooTBeTCTBHH pe3ynbTaTaMH MOflejnipoBaHHfl (cm. Phc. 
[U fTU|) . OopMyjia (|2"Tj) cjie^yeT TaK»ce npHMO H3 (jTTJ) h 
nosTOMy, b OTjinnne ot (|20p , cnpaBefljiHBa fla»ce ecjin ot- 
HOineHHe Uf/v s He oneHb BejinxcQ. Bcjie^CTBHe 3Toro ne- 
jiecoo6pa3HO ncnojib30BaTb annpoKCHMannio 



yf(x) — — fcoo-Rarccos 

7T 



expi-- 



aR 
= (x-x f ), 



(22) 



7 



KOTopaa corjiacyeTca c (|2ip npn Ha/TjieiscaineM Bbi6ope fr^ 
h (a: — Xf) > 2aR, coBnaflaeT c ([T]) npn v s /uf — > n 
xopoino onHCbiBaeT (popMy cppoHTa npn Bcex othoiiichhhx 
v s /uf flo Tex nop, noxa E n > E s . 

rtpn eme 66jibinnx 3HaneHHHx (xf — x) BbinojmaeTCfl 
HepaBencTBO E n <C E s , nosTOMy H3 (|20p cjie^yeT, hto 
(pyHKnira yf{x) erpeMHTCH bR no SKcnoHeHTe 



(23) 



r,n,e /io = v s /E s - HH3KonojieBaH no^BHJKHOCTb. B ra3ax 
B s 3> i?i (to ecTb [i — ^j,q b aKTyajibHOM flnana30He 
nojieii), nosTOMy oGjiacTb jihhchhocth (pyHKnnn yf(x) 
flOjiJKHa OTcyTCTBOBaTb, hto corjiacyeTCH c pe3ynbTaTa- 
mh [5]. B njiocKOM cjiynae Xe = 7r/2L(l — 6), Tax hto <pop- 
Myjia (I23p npaBHjibHO onncbmaeT acnMnTOTHKy cpyHKnnn 
([1]) npn (xf — x) — > oo, nojiyneHHOii b pe3yjibTaTe TOHHoro 
penieHHH cooTBeTCTByroinen 3&jxqhm. 3to coBnafleHne no/r- 
TBepjKflaeT npaBnjibHOCTb onncaHHoro Bbinie npn6jni}KeH- 
Horo MeTO/i,a onpeflejieHna cpopMbi (ppoHTa npn x < xi . 

Heo6xo/niMO, o/rnaKO, niieTb b Bimy, hto BCJieflCTBne 
SKCnoneHnnajibHoro yMeHbineHHfl HanpajKeHHOCTH nojia 
E n n cooTBeTCTByiomen eMy njiOTHOCTn noBepxHOCTHO- 
ro 3apa/i,a cppoHT KaK TaKOBOii cpaKTnnecKn nepecTaeT 



4 HHTepecHO otmcthtb TOiHyio aHajiorHio Me^K.ny telkhm 4>poH- 

TOM HOHH3aiJ,HH H y^apHOH BOJ1HOH, BOSHHKaiOmGH npH CBepx3ByKO- 

bom flBHjKGHHii Teji b ra3ax. 



b 0.4 




1 



io- 



10" 



Pnc. 8: 3clbhciimoctii MaKCHMajibHofi o~ h ycpeflHeHHoii no 
njiom,a/],H a av KOHu,eHTpau;HH HOCHTejieii 3apa/],a 3a cppoHTOM ot 
HanpajKeHHOCTH BHeniHero nojia Eo npn aR = 8000 (KBaflpa- 
tbi) h aR — 4000 (KpyjKKn). JThhh3 - pacneT a~ fljia njiocKoii 

BOJIHbl. 




0.2 0.3 0.4 0.5 0.6 0.7 



EJE 



Pnc. 9: 3aBnciiMOCTii OTHonieHH5i Em I Eq ot HanpjiJKeHHOCTH 
BHeniHero nojia Eo npn aR — 8000 (KBaflpaTbi) h &R — 4000 
(KpyjKKn). TeMHbie chmbojibi - pe3yjibTaTbi MOflejinpoBaHna, 
CBeTjibie chmbojibi - pac^ieT no (popMyjie (|Aip c ncnojib30BaHH- 
eM 3HaMeHHii a h b, npHBe,a,eHHbix Ha Pnc. [6] 



cymecTBOBaTb KaK pa3 TaM, r^e cpopMajibHO npHMeHH- 
Ma (popMyjia (|23p . BMecTO Hero o6pa3yeTca niHyp KBa3H- 

HCHTpajlbHOH njia3MbI, 3anOJIHSIOHI,HH BCK) o6jiacTb y < 

R, ho cnjibHO Heo,zi,Hopo,zi,HbiH b noncpeHHOM HanpaBjie- 

HHH. OcHOBHbIM MexaHH3MOM nepeHOCa SJieKTpOHOB H flbl- 

poK 3flecb CTaHOBHTCH aM6HnojiHpHaa ,i];H(pcpy3HH, koto- 
paa npHBOflHT k pacnjibmaHHio nx paflnajibHoro pacnpe- 
,n,ejieHHH, Tax nTO a — > a av npn x — > — oo fPnc llip . 3tot 



8 



A. C. KioperaH 



B3auModeucmeue Memcdy cmpuMepaMU» 




Phc 10: 3aBiiciiMOCTB npoH3BOflHoii dyf/dx Ha jihhchhom 
ynacTKe (pyHKinin y/(x) (cBeuiBie chmbojibi) h ji,jihhbi 1/A - 
3aTyxaHHa nojia 3a tppoHTOM (TeMHBie chmbojibi) ot R npn 
Eg = 0.36-B. Tohkh nojiy^eHBi nyTeM o6pa6oTKH pe3yjiBTa- 
tob MOflejiHpoBaHHa, HiTpuxoBaa jiHHHa - pacneT no (popMyjie 
()2ip c HcnojiB30BaHneM 3HaMeHHii u f , npHBe,n,eHHBix Ha Phc. 21 
cnjioniHaa jiHHHa - pacneT no (popMyjie (|19|l c HcnojiB30BaHHeM 
3HaneHHH b, npnBefleHHBix Ha Phc. [6] 

npouecc npeKpacno onHCMBaeTCH (popMyjioft 
cr(x,y) = <r av + Bexp y ° x ^ Jo ( fl n^) + 

+ M^) J °(°4)- < 24) 

g _ (crop — a av ) Jq(qi2) — <Jqr + cr av 
Jo{ai 2 ) - Jo (on) 

£ _ (gQQ — (Tgy) Jq(Qh) — 0"Q_R + Q" ai) 

Jo (an) - Jo(oia) 
iyje Xfe = UfR 2 /Da\ k , an ~ 3, 83 h ai2 ~ 7, 02 - ncpBbiii h 

BTOpOH KOpHH ypaBHeHHH J\{x) = 0, coo ii ^O-R " KOHUeH- 

TpainiH b njiocKOCTH x = xq < Xi npii y — n y — R co- 
OTBeTCTBeHHO, KOTopbie, KaK h a av , onpeflejiHiOTCH nyTeM 
o6pa6oTKH pe3yjibTaT0B MO^ejnipoBaHHH. OHa nojiyneHa 
c Hcnojit30BaHHeM nepBbix flByx hjichob pHfla (popMyjiu 
(8.3) H3 VII rjiaBbi KHiirii [39 h npHMeraMa npn ycnoBHH 
x\ 3> D/v,f, Korfla npoflOjibHoii ^H(p(py3Hefl mojkho npe- 
He6peHb. OopMyjia (|24p TaitHce no3BOjiaeT o6 r bacHHTb tot 
(paKT, hto nonepenHoe pacnjibiBaHne njia3Mbi, npaKTnne- 
ckh He3aMeTHoe b o6jiacTii 1 , CTanoBHTCH onpeflejisnonniM 
npH He6ojibniHx Xk oc UfR 2 , to ecTb b oSjiacTH 2. 

KpoMe 3Toro, yMeHbineHne R npiiBO/niT eme k flByM 3(p- 
(peKTaM. Bo-nepBbix, Sjvf CHH»caeTCH HacTOjibKO. hto npn 
R < Rt{E{)) TyHHejibHaa HOHH3ainiH nepecTaeT OKa3Bi- 
BaTb 3aMeTHoe BjniaHne Ha sbojhoiuiio MaccHBa CTpiiMepoB 
ii b OTHOCHTejibHO cjia6oM BHeiimeM nojie (npH Eq < OAE 



Phc. 11: Pa,zniajiBHBie pacnpeflejieHHa KOHueHTpanHH a ho- 
CHTejieit 3apajj,a Ha pasHBix paccToaHHax ot <ppoHTa npn 
7? = 100a h Eo = 0.36-E. JIhhhh - pe3yjiBTaTBi MO/j,ejiHpo- 
BaHHa, chmbojibi - pacieT no (popMyjie (I24|) npn <j av — 0.0138, 
a 00 = 0.059 h <t or = 0.002. 

b HanieM cjiynae) CTannoHapHoe pacnpocTpaHeHne CTpn- 

MepOB CTaHOBHTCH HeB03MO}KHbIM H3-3a pa3BHTHH nOne- 

peHHofi HeycTOHHHBOCTH (ppoHTa KajKfloro H3 hhx. Bo- 
BTopbix, eme 6ojxbinee CHHJKeHHe R b KOHue kohh;ob no- 
,n,aBjiHeT HeycTOH^iHBOCTb h npn R < R c (Eq) (b o6jiacTH 
2 Ha Phc. [3]) 3BOjiK)H,Ha MaccHBa CTpHMepoB onHTb 3aBep- 

HiaeTCH B03HHKHOBeHHeM CTaH,HOHapHOH ro(ppHpoBaHHOft 

BOjiHbi, KOTopaa Tenepb pacnpocTpanaeTCH He TOjibKO 3a 
cneT flpeiiepa h yflapHoft HOHH3an,Hefl:, ho h ^H(p4)y3HH. Ta- 
koh ?Ke MexaHH3M onpeflejiaeT sbojiiohhio H30jiHpoBaHHbix 

CTpHMCpOB BO BpeMH «,H,H(p<py3HOHHOH» CTaflHH |11| . IIo- 
3TOMy Hey/HIBHTejIBHO, HTO HeyCTOHHHBOCTb (ppoHTa Ta- 

khx CTpHMepoB HacTynaeT (no flaHHbiM pa6oTbi [11J), ko- 
r/i,a ero pa^nyc CTaHOBHTCH nopHflKa R c . IlHTepecHO otmb- 
THTb, hto qppoHT MaccHBa ^ByMepHbix CTpHMepoB b ra3ax 

TOJKe CTaHOBHTCH HeyCTOHHHBBIM [S] , Kor^a paCCTOHHHe 2L 

Me>Kfly hhmh npeBbiniaeT 2R C (cm. Phc [3]). rpaHHH;bi 06- 
jiacTH HeycTOHHHBOCTH (o6jiacTH 4 Ha Phc. [3]) onpeflejia- 
iOTca HepaBencTBaMH R t (Eo) > R > R c (Eq), nosTOMy OHa 
cymecTByeT tojibko npn Eq < OAE. B 6ojiee chjh>hi>ix 
BHeniHHx nojiax TyHHejibHaa HOHH3an,HH He «BbiKjno x iaeT- 
ch» h noflaBjiaeT HeycTOHHHBOCTb ^ajKe npn R < R c {Eq). 

npn flajibHeHineM yMenbHienHH R KpHBH3Ha roeppn- 
poBaHHoro (ppoHTa, a BMecTe c Heit h napaMeTpti Em, 

0~ TaiQKe yMeHBHiaiOTCH. ricpBHHHbie JiaBHHbl HaHHHaiOT 

nepcKpbiBaTbca: j\o HacTynjieHHH jiaBHHHO-CTpHMepHoro 
nepexo,n;a h cpopMnpyiOT nepHOflnnecKH B03Mym,eHHbiH 
b nonepenHOM HanpaBjieHHH CTai^HOHapHO flBHJKymHiicH 
cppoHT HOHH3airHH npH^ieM caMas fljiHHHOBOjiHOBaa rap- 
MOHHKa 3Toro B03Mym;eHHa: 3a,i];aeTCH rpaHH^HbiMH ycjio- 
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Phc. 12: PacnpeflejreHHa Hanpa>KeHHOCTH nojia E h kohhch- 
Tpan,HH a HOCHTejieii 3apafla baojib och x b6jih3h <ppohtob 
njiocKoii (cnjioiirabie jihhhh) h rotppHpoBaHHoii ( niTpiixoBBie 
jihhhh) bojih npn R — 100a h Eq = 0.36i5. Chmbojibi - pacneT 
no tpopMyjie ()28|l c ncnojiB30BaHiieM 3Ha i ieHHH o~ BUf, nojiy- 
MeHHBix npn MOflejrapoBaHHii njiocKoii bojihbi. KoHHeHTpainia 
a Ha och x MaKCHMajiBHa npn x — x a < Xf. 



bhsmh Haineit sa^ann h HMeeT BOjiHOBoe hhcjio k = tt/R. 
AMnjiHTyflbi B03Mym,eHHH (b nacTHOCTn, pa3HOCTb Em — 
Eq) mohotohho yMeHbinaroTca bmcctc c R pp Tex nop. 
noKa npH R = Rq(Eq) He o6pamaiOTCH b hojib. Ilpn eme 
MeHbinnx R (b o6jmcTii 3) nopoacflenHbie nepBHHHbiMH jia- 

BIIHaMH B03Myin,eHHH 3aTyxaiOT, TaK HTO CO BpeMEHeM B03- 

HHKaeT njiocKaa: BOjma yflapHoft HOHH3anHH. 3tot pe3yjib- 
TaT nojiHOCTbio corjiacyeTCH c BbiBOjiaMH Teopnii nonepen- 
Hoii HeycToiiiHBOCTH bojih yn,apHoft HOHroannn. JXjir ra- 
30B Taxaa Teopna 6bijia co3JiaHa aBTopaMH pa6oTbi |15| . 
KOToptie noKa3ajiH, hto B03MyiHeHHH c k < fco ~ A*/4 
flOjBKHbi HapacTaTb co BpeMeHeM, a 6ojiee kopotkobojiho- 
Bbie - 3aTyxaTb. 3to yTBepscflemie cnpaBefljiHBO h ^jih 
nojiynpoBOflHHKOB [16] npn Hcnojib30BaHHH cooTBeTCTBy- 
iomeft HanieMy cjrynaio 4>opMyjibi [28,29] 



A* = a \ 



Da 2 ' V 4 Da ' 
iyje «o — oe(Eo). CKa3aHHoe 03HanaeT, hto npn 
R < R w 4tt/A* 



(25) 



(26) 



MaccHB jiaBHH ^ojiJKeH nopo/niTb njiocKyio bojihjI^I yn,ap- 



5 AHajiorH t iHi>iH 3(p<peKT Ha6jno^ajiCH paHee npn MO^ejmpoBaHiiH 
pacnpocTpaH6HH5i njiaMeHH b Tpy6e [38 : yMeHBmeHHe ee .zniaivieTpa 

cooTBeTCTByiomero 3TOMy npoueccy KpiiTHMecKoro 3Ha^eHHH no- 
flaBjisjjio nonepeHHyro HeycToitiHBOCTb h cppoHT njiaiueHH ocTaBajica 

njlOCKHM. 



HOft HOHH3aiHlH B COOTBeTCTBHH C pe3yjIbTaTaMH MOflejIH- 

poBaHHH. Taxaa BOJiHa pacnpocTparoieTCH c ojiHHaKOBOft 
npH Bcex R < Rq CKopocTbio [28 , 29] 



1 + 



(27) 



TOjibKO 3a cneT flpefiepa, flH(p(py3HH h yn,apHoft noHH3a- 
hhh, Tax Kax HanpHJKCHHOCTb nojiH Ha ee cppoHTe He npe- 

BOCXOJTHT Eq H HeflOCTaTOHHa flJLSl TyHHejIbHOH HOHH3a- 

rpm. OopMyjia (|26l) xoponio onncbiBaeT 3aBHCHMOCTb Kpn- 
TH^ecKoro pajj,nyca Rq (h coBnaflaiomeH c hhm KpHTHne- 

CKOH HIHpHHbl Lq JIJIH MaCCHBa njIOCKHX CTpHMepOB) OT 

Eq, nojiy^eHHyio npn MOjj,ejinpoBaHHH (cm. Phc. [3]). 

Enj;e o^Ha oco6eHHOCTb rocppnpoBaHHbix bojih HOHH3a- 
h;hh 6bijia o6HapyjKeHa, ho He o6T>acHeHa b pa6oTe [H]. 

OHa COCTOHT B TOM, HTO HanpHJKeHHOCTb nOJIH 3a (ppOH- 
TOM CTpeMHTCH K HyjIIO (b OTJIHHHe OT H30JIHpOBaHHbIX 

CTpiiMepoB [11,34]), ho 3aTyxaeT HaMHoro Me^jieHHee, neM 
3a cppoHTOM njiocKHX bojih. TnnHHHbiH npHMep TaKoro 
pa3jiHHHa npHBejj,eH Ha Phc. 1121 IlapaflOKcajibHOCTb stoto 
3(p(peKTa coctoht b c jie^y iOHi,eM . B cjiynae CTarpiOHapHOH 
njiocKoii BYH, KaK HeTpy^HO y6eflHTbca, HanpajKeHHOCTb 
nojia 3aTyxaeT no 3aKOHy exp(A _ a:) npqj 



\- = 



2D 



I &ED 

1 + 4a— V s — — — - 1 



E s u) 



(28) 



b tohhom corjiacHH c pe3yjibTaTaMH MOflejinpoBaHHH (cm. 
Phc. I12[) . PacneT no 3toh (popMyjie fljia rocppnpoBaHHOii 
bojihm Bcer^a flaeT cymecTBeHHO 6ojibinee (b cjiy^iae, co- 
OTBeTCTByiomeM Phc. I12[ nonTH b 4 pa3a) 3HaneHHe A - , a 
pe3yjibTaTbi MOflejinpoBaHHH - 3HannTejibHO (npnMepHO b 
10 pa3) MeHbHice. 

IIpiraiHOfl STOrO paCXOJKflCHHa HBJiaeTCH KpHBH3Ha 

cppoHTa. B CTauHOHapHOH nojiocKoii BOjiHe tok npoBOfln- 

MOCTH TOHHO CKOMneHCHpOBaH TOKOM CMeiHeHHH, TaK 1TO 

njiOTHOCTb nojiHoro TOKa Be3,ne paBHa Hyjnc0. B rocppnpo- 
BaHHOft BOjiHe CHTyau;HH coBepineHHO HHaa. B6jih3h och x 
nepefl cppoHTOM HanpaBjieHHe tokob npoBO^HMOCTH h CMe- 
hi,chhh coBnaflaiOT MejKfly co6ofi n c HanpaBjieHneM pac- 
npocTpaHCHHH bojihm, a b6jih3h noBepxHOCTH y = R npe- 
o6jiaflaeT tok CMem,eHHH (TaK KaK KOHneHTpaniiH a oneHb 
Majia), HanpaBjiCHHbifi b npoTHBonojiojKHyio CTopoHy. B 
pe3yjibTaTe Ha cppoHTe o6pa3yeTca ^BHJKymHiiCH BMecTe c 
hhm BHxpb TOKa, npHMep KOToporo H3o6pa?KeH Ha Phc. 1131 
B6jih3h noBepxHOCTH y = R Hanpa»ceHHOCTb nojia, a bmg- 
CTe c Heft h tok CMem;eHHH, 3aTyxaiOT no SKcnoHeHTe (jl^: 



6 3Ta cpopMyjia SBjiseTCH 6nno.jiHpHbiM aHajioroM cpopivtyjibi 
(5.63) H3 pa6oTbi 23 . 

7 Ecjih nojie nepefl iJipohtom CTan;HOHapHoit njiocKoii BOjiHbi Heofl- 
HopoflHO (KaK b p + — n — n + -nepexofle), to njiOTHOCTb nojiHoro TOKa 
He paBHa Hyjiio, ho se3pfi OflHHaKOBa 44 h 3a cppoHTOM HanpaaceH- 

HOCTb nOJIH CTpeMHTbCH K KOH6MHOH BejIHHHHe nO 3KCnOH6HTe C nO- 

Ka3aTejieM A - , TO^Ke onpe^ejineMbiM cpopMy-^oft J28I I. 
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(x-x)/R 



Phc. 13: BeKTopHoe nojie TOKa b6jih3h (ppoHTa rocppnpoBaH- 
Hoii bojihbi yflapHofi HOHiraaixiiH npn R = 1003 h Eq = 0.36-B. 
TJjiHHa CTpejiOK nponopu,HOHajibHa yj, rp,e J - cyMMa iuiotho- 
CTeli TOKa npoBOflHMOCTH h CMem,eHHa. CeptiM D,BeTOM 3axpa- 
HieHa o6jiacTB, BHyTpii KOTopoii iuiothoctb o6 r beMHoro 3apa,a,a 
6ojiBine 0.002E&E w 3, 2 mKji/cm 3 . 



c noKa3aTejieM A^. One-BHflHO, hto Tax }Ke yMeHBinaeTca 
h tok npoBOfliiMOCTH b6jih3h och x, npoTexaHHe KOToporo 
oSecne^HBaeT bo3hiikhobchhc OMinecKoro nana 3a cppoH- 

TOM. £[CHO, HTO H OHO ROJUKHO yMeHBHiaTBCH npHMCpHO 

no SKcnoHCHTe c HHKpeMeHTOM A_ ~ A^. 3tot bmbo^, 
noflTBepjKflaeTCH pe3yjiBTaTaMH MOflejinpoBamisi. npiiBe- 
flCHHbiMH Ha Phc. 1101 

B 3aKjiiOHeHHe 3Toro pa3/i,ejia otmcthm erne #Ba o6cto- 
aTejibCTBa. Bo-nepBbix, npn 3a,a,aHHBix Eq h R CTaHiio- 
Hapnaa roeppHpoBaHHaa BOjina HOHH3au;HH HBjiaeTCH aT- 
TpaKTopoM fljia HinpoKoro Ha6opa HanajibHtix ycjiOBHft: 
no npoinecTBHH ,a;ocTaTonHoro BpeMenn o/i,ho h tojkb pe- 
nieHne nojrynaeTCH 

- npn ToneiHOM HanajiBHOM B03MyiHeHHH, 

- 3jiHncon/],ajibHOM HanajibHOM B03MymeHHH c nonepen- 
Hoft nojiyocBHD nopa/nta R/2, 

- b pe3yjibTaTe nepecTpoftKH CTarpiOHapHoft rocppHpo- 
BaHHaa BOjiHbi c napaivreTpaMH {Fq, R} nocjie h3mchchhh 

na F , 

- b pe3yjiBTaTe pa3BHTHH HapacTaHHH Majioro nonepei- 
Horo B03Mym,enna cppoHTa njiocKOii bojihbi HOHroannn, ec- 

JIH R < 7T /k]\4, Tflfi ku ~ BOJIHOBOe HHCJIO CaMOTO 6bICTpO- 

HapacTaiomero B03MymeHHH [16J. 

AHajiornnHBifi (ho Menee o6mHft) pe3yjibTaT 6biji nojiy- 
hbh paHee ,zi,jih MaccHBa flByMepntix CTpniviepoB b ra3ax [8| . 

Bo-btopbix, KpoMe onncaHHBix BBinie OCHOBHBIX 3aKO- 
HOMepHOCTeii sbojhohhh B3anMO,n;ciiCTByioni,Hx CTpnMepoB, 
Sbijin o6Hapy?KeHBi n 6ojiee TOHKiie acpepeKTBi. B Hacr- 
hoctii, npn HeKOTOpBix cooTHOniCHHHX ynpaBjisioinHX na- 
paMeTpoB Eq h R Ha6jnoflajiHCb ne6ojiBnine KBa3nnepn- 
o^nnecKne H3MeHeHna bcjihhhh a 3a cpponTOM h MaKCii- 
MajibHOH HanpHJKenHOCTH nojia, a TaK»ce He6ojiBnine KBa- 



snnepnoflHHecKHe otkjiohchhh cpopMBi (ppoHTa ot jiHHeft- 

HOft 3aBHCHM0CTH (|21D . Bo3MOJKHOft npHHHHOft nOflo6HBIX 

« aHOMajinn » aBjiHeTCH iicnojib30BaHiie cjihhikom rpy6oft 
ceTKH KOHenHbix 3 jieMeHTOB , MHHHMajibHbiii pa3Mep KOTO- 
pBix onpeflejiajiCH pecypcaMn Hannix KOMnBiOTepoB. Ofl- 

HaKO H6JIB3H HCKJIIOHHTB H CpHSH^eCKyiO peajIBHOCTB Ha- 

6jno,ii;aBiinixcH scpcpeKTOB (cm., HanpiiMep, [23 J. 

4 3aKJiK)HeHHe 

B HacTOHm,cn CTaTBe BnepBbie H3jio»ceHBi pe3yjiBTaTBi hhc- 
jieHHOro MOflejinpoBaHHH 3bojiiod;hh flByMepHoro nepnofln- 
necKoro MaccnBa h^chthhhbix CTpnMepoB b nocToaHHOM 
n o^nopoflHOM nojie. Bbi6op nojiynpoBO^nnKOB b Kane- 
CTBe cpeflBi, rfle nponcxofliiT MyjiBTiiCTpnMepHBiii pa3pa,n„ 
npeflonpe,i],ejiHji ropa3flo 6ojiee cjiojkhbih (no cpaBHeHnio 
c ra3aMH b paMKax «MHHHMajiBHOfi MO^;ejiH» [S]) xapaKTep 
3BOjnon,HH CTpnMepoB, KOTopaa 3aBepinaeTCH no-pa3HOMy 
b 3aBHCHMOCTH ot ynpaBjiaiomiix napaMeTpoB saflann - 
HanpajKCHHOCTH BHenmero nojia Eq h paccToaHHH MejKfly 
CTpnMepaMH 2R. Jpia Kjiaccn(pHKan,HH pa3jniHHBix cn,e- 
HapiieB 3bojiioii;iih nocTpoeHa ^iiarpaMMa kohchhbix co- 
ctohhhh MaccnBa CTpnMepoB, pa3/i,ejiHioin;aH njiocKOCTb 
[1/Eq,R] Ha HCTBipe KanecTBeHHO pasjin^HBie o6jiacTH, 
H3o6pajKCHHbie Ha Phc. [3] B o6jiacTHx 1 h 2 B3aHMOflcfl- 
CTBne MOKfly CTpHMepaMH npiiBOflHT co BpeMeHGM k (pop- 

MHpOBaHHIO flByX THnOB CTau;HOHapHBIX BOJIH H0HH3aiI,HH 

c rocppHpoBaHHBiM (ppoHTOM, pasjiH^iaiomHxcH MexaHH3- 
MaMH HOHH3ai];HH. IIoflpo6HO onncaHBi H o6i.acHeHBi Ha 
ocHOBe npocTBix cpH3HHecKHx coo6pa?KeHHH cnei^HcpHHe- 

CKHe XapaKTCpHCTHKH (ppOHTOB 3THX BOJIH, o6yCJIOBJieH- 

HBie oco6eHHOCTHMH npou;eccoB HOHH3an,HH h nepeHOca 3a- 
pH^,a b nojiynpoBOflHHKax. B o6jiacTH 3, npn floCTaTOHHO 
MajiBix R, MaccHB ncpBHHHbix jiaBHH nopojKflaeT njiocKyio 
BOjiHy y^apHoii HOHH3an;HH. B cjia6bix bhchihhx nojiax 
MOKfly o6jiacTHMH 1 h 2 cymecTByeT o6jiacTb 4, b KOTopoii 
CTan,HOHapHOC pacnpocTpaHCHHe bojihbi HOHH3an,HH hcbo3- 

MOJKHO H3-3a pa3BHTHS nOnepeiHOH HeyCTOHHHBOCTH. 3Ty 

HeycToiiiHBOCTB, Ha6jnoflaBinyioca paHee npn MOflejinpo- 

BaHHH H30JIHpOBaHHBIX CTpHMCpOB, MOJKHO Ha3BaTB AO- 

KaAbHoii, nocKOjiBKy eft noflBepjKeHBi (hjih He no,n;Bep>Ke- 

HBl) CppOHTBI KajKflOrO H3 CTpHMepOB B MaCCHBC 

0,n,HaKO KpoMe 3Toro B03MO>KHa em,e h gAo6aAbnaji 

HeyCTOHIHBOCTB BCerO MaCCHBa CTpHMepOB, KajKflBlft H3 
KOTOpBIX JIOKajIBHO yCTOHHHB. ^eftCTBHTejIBHO, B HaCTOH- 

ni,eft pa6oTe mbi CHHTajiH, hto nepBHHHBie jiaBHHBi. nopo>K- 

,JI,aiOHI,He MaCCHB CTpHMCpOB, CTapTyiOT O^HOBpeMGHHO 

H3 y3JiOB H^eajibHoii reKcaronajiBHOft penieTKH. Mesc- 
py TeM MajiBie otkjiohchhh bo BpeMeHH h/hjih b nojio- 

>KeHHH CTapTa JiaBHH npHBe^yT K B03HHKHOBeHHIO «koh- 

KypeHii,HH» MejKfly CTpHMepaMH HenfleajiBHoro MaccnBa: 
HeKOTopBie H3 OKa>KyTCH b «npHBHjierHpoBaHHOM» nojio- 
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»ceHHH h 6ynyT pa3BHBaTbca 6biCTpee ocTajibHbix. PaHO 
iijiii no3,nH0 Taxiie CTpiiMGpbi HanHyT 3aMGTHO yMeHbinaTb 
HanpajKeHHOCTB nojra b CBoeft OKpecTHOCTii 11 noflaBjiHTb 
TaKiiM o6pa30M pacnpocTpaHeHne coce/ieft. Ecjih paccTO- 
sHiie d MejK^y 3jieKTpo,n;aMii /jpcTaTOHHO Bejiiixo, to ero 
CMoryT npeoflOjieTb jiiinib caMbie paHHiie ii/iijiii yuajieH- 
Hbie ot cocefleii CTpHMepbi, cpe/nree paccTOHHiie Me*;/ry 
KOTopbiMii 6y^,eT nopHflxa 3d (cm. IIpiijiojKeHiie) . 3th co- 
o6pa»ceHiiH yKa3biBaK>T Ha BajKHOCTb npo6jieMbi rjio6ajib- 
hoii HeycToiiHiiBOCTii, aHajiii3y KOTopoii 6ya;eT nocBHinena 
OT^ejibHaH pa6oTa 

Abtop 6jiaro,i];apeH A. B. Top6aTiOKy 3a o6cyjKflCHHH 
BonpocoB, 3aTpoHyTbix b HacTOHmeii pa6oTe. Pa6oTa bbi- 
nojineHa npii no/mepjKKe POOH (rpairr 13-08-00474). 

IlpHJioxceHHe. 3jieKTpocTaTHHecKoe 
BsaHMO^eficTBHe Me^K^y MeTajuin- 

HeCKHMH I^HJIHH^paMH C 3JIJIHIICOH- 
flaJIbHblMH HaKOHeHHHKaMH. 

flnsi 6biCTpoii ohchkh MaKCiiMajibHOii HanpajKenHOCTH no- 
jia Em b MaccHBe CTpiiMepoB mojkho npeflCTaBiiTb Ka»c- 
flbiii ii3 hiix b Bii,n,e MeTajijiiinecKoro HiuiHH/ipa ^jihhoh 21 
c pafliiycoM bR ii c HaKOHenHHKaMH b Bii/^e sjijiiiiicoii^ob 
BpamemiH. J\nsi iiHTepnpGTai^iiii pe3yjibTaTOB MOflejiiipo- 
BaHiia Heo6xofliiMO 3HaTfa, KaK bjihhiot napaMeTpbi Mac- 
ciiBa Ha flBe bgjih^iiihbi . 



IlepBaa H3 hiix - OTHOinemie rj{R, b, I) = 
EM(R,b,l)/EM{oo,b,l) - no3BOjiaeT onpeflejiiiTb ycjio- 

BHH, npH KOTOpblX BJIHHHHH SJieKTpOCTaTHHeCKOrO 

B3aiiMO,n,eiiCTBHH MejKfly CTpHMepaMH Ha Em CTaHOBiiTca 

3aMeTHBIM. 3tH yCJIOBHH CJia60 3aBHCHT OT BejIHHHHbl 

npoflOjibHOit nojiyocH sjijinncoiiflOB a e R, nosTOMy npn 
pacneTe r\ mojkho ppsi npocTOTbi nojiojKHTb a e — b. Pe- 
3yjibTaTbi TaKHx pacneTOB npeflCTaBjieHbi Ha Phc. 1141 KaK 
bh,i];ho, npn Bcex aKTyajibHbix 3HaHCHnsx othohichhh b h 
R/l ohh xoponio onucbiBaiOTca cpyHKintefi rj = th(5'y/2), 
pn,e 7 = R/l[l + 3(6i?/Z) 1//3 ]. B3aHMO^,eiicTBHe CTaHOBHTca 
cymecTBeHHbiM, Kor^a r\ 3aM6THO OTjinnaeTCH ot 1, to 
ecTt npn 7 < 1 hjih R < (2, 5 3)L 

BTopaa Hy>KHaa BejiHHHHa - OTHOinemie EM(b,a e ) / E$ 
npn I R - no3BOjiaeT OHemiTb Em b ycTaHOBHBineM- 
ch pejKHMe pacnpocTpaHeHHH MaccHBa CTpHMepoB (hjih, 
ApyrHMH cjiOBaMH, CTainiOHapHOH rocppnpoBaHHOH BOjiHbi 
HOHH3ainiH) . B 3tom cjiynae pe3yjibTaT cymecTBeHHO 3a- 

BHCHT He TOJIbKO OT 6, HO H OT d e . Mbl HCnOJH>30BajIH 3Ha- 

neHiie a e — na/2, Tax KaK npn stom pacxojKfleHHe Mex- 
py CHCTeMOit -shhjihh/jp + 3jijiHncoH,n,» h noBepxHOCTbio 
Bpam,eHHH c o6pa3yiomeH BH^a ([1} MHHHMajibHbi h npn 
Bcex a, b He npeBoexo^HT 5%. Pe3yjii>TaTbi TaKHx pacne- 
tob, npeflCTaBjieHHbie Ha Phc. 1151 xoponio onncbiBaiOTCH 

3aBHCHMOCTbIO 

E M (a, b) = 0.88E Q b-^ 5 ( 1 + ^ V (Al) 



0.9 



0.6 















#^ 


- th(5// 2) 











0.1 1 10 

y = R/l[\+3(bR/l) m ] 




2 4 6 8 10 



0.886 (l+4o/56) 



Phc. 14: 3aBHCHMOCTB r](R, b, I) - OTHOineHHa MaKCiiMajiBHbix 
HanpaaceHHOCTeii nojia Ha 6^hhhhhom u;HjiHH/],pe h Ha Maccn- 

Be HHJIHHflpOB C nOJiyCtJiepHMeCKHMH HaKOHeMHHKaMH - OT HX 

fljiHHBi 21, pa^Hyca bR h paccTOaHHa Me>K/],y hhmh 2R npn 
bR/l = 0.01 - 0.25 h R/l = 0.4 - 50. 



Phc. 15: 3aBHCHMOCTB OTHomeHHa Em / Eq AJia MaccHBa b^h- 

JIHHflpOB C SJIJIHnCOHflajIBHBIMH HclKOH6HHHKclMH OT 6e3pa3Mep- 

hbix fljiHH npoflOJiBHoii a e = Tva/2 h nonepeHHoii b nojiyoceii 
npn b = 0.2 - 0.6 h a, = 0.2 - 1.2. 
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